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An Intraseasonal Variability in CO2 Over the Arctic
Induced by the Madden-Julian Oscillation
King-Fai Li1,2

1Department of AppliedMathematics, University of Washington, Seattle, WA, USA, 2Department of Environmental Sciences,
University of California, Riverside, CA, USA

Abstract Variability of atmospheric CO2 must be well understood for us to better characterize the
anthropogenic CO2 release from the surface. A previous study revealed the influence of the Madden-Julian
Oscillation (MJO) to tropical midtropospheric CO2 via convection. In this work, the observations by NASA’s
Atmospheric Infrared Sounder are used to further examine the MJO impact on the CO2 concentration over
the Arctic. A composite analysis shows that the CO2 north of 60°N varies with a peak-to-peak amplitude
of 1.2 ± 0.2 ppm over the MJO cycle. An empirical correlation analysis is applied to examine possible effects of
retrieval bias and dynamics on the MJO-related CO2 anomalies. It is shown that the spatial pattern of the
MJO-related Arctic CO2 anomalies closely resembles that of the isentropic potential vorticity anomalies
at 475 K.

1. Introduction

Carbon dioxide (CO2) is themost important anthropogenic greenhouse gas in Earth’s atmosphere. As of 2016,
CO2 concentration in the atmosphere has passed the historical 400 parts per million by volume (ppm) (World
Meteorological Organization, 2016). Each year, ~8.9 pentagram of carbon equivalent per year (Pg C/yr) of CO2

from fossil fuel burning and net land use change is released to the atmosphere, of which 2.6 Pg C/yr and
2.3 Pg C/yr are taken up by the terrestrial biosphere and the ocean, respectively, and the remaining
4.0 Pg C/yr accumulates in the atmosphere (Ciais et al., 2013). These budget estimates are based on official
figures and ground-based measurements of CO2 and are subject to an uncertainty of ~1 Pg C/yr (at the
10% significance level) (see Table 6.1 of Ciais et al., 2013). If we are to improve these estimates to better than
1 Pg C/yr, global CO2 column measurements are required to have a precision less than 2 ppm (Rayner &
O’Brien, 2001). At such precision, some natural variability of CO2 (e.g., induced by El Niño–Southern
Oscillation) become discernible and, if not treated properly, would interfere with the anthropogenic budget
estimations (e.g., Gruber et al., 1999; Hashimoto et al., 2004; Keppel-Aleks et al., 2012; Le Quéré et al., 2003). It
then follows that the natural variability of atmospheric CO2 must also be well understood in order to better
characterize the influence of anthropogenic CO2 to climate.

Continuous measurements from space (Buchwitz et al., 2005; Chahine et al., 2008; Crevoisier et al., 2009;
Eldering et al., 2017; Kuze et al., 2009; Nassar et al., 2011) and ground (Nevison et al., 2008; Newman et al.,
2016; Wong et al., 2015; Wunch et al., 2011) have been devoted to monitoring atmospheric CO2 variability
on daily to monthly basis. With midtropospheric CO2 observations from NASA’s spaceborne Atmospheric
Infrared Sounder (AIRS) becoming available in the last decade (Chahine et al., 2008), several short-term (intra-
seasonal to interannual) natural variability have been unveiled, including the tropical intraseasonal variability
(with peak-to-peak amplitude ~1.5 ppm) related to the Madden-Julian oscillation (MJO) (Li et al., 2010), the
semiannual variability (~3 ppm) (Jiang et al., 2012), the biennial variability (~1.0 ppm) related to Asian mon-
soons (Wang et al., 2011), interannual variability (2–3 ppm) related to the El Niño–Southern Oscillation (Jiang
et al., 2010), and polar variability related to the Arctic oscillation and stratospheric sudden warming (Jiang
et al., 2010, 2013).

Convection brings CO2-rich air from the lower troposphere to the midtroposphere, and AIRS observes this
increase in the midtropospheric CO2 (Chahine et al., 2008). However, individual convection events are highly
variable and are of kilometer scales that are much smaller than the AIRS footprints (~13.5 km). Given that
tropospheric CO2 is well mixed and that the difference between the surface and the midtropospheric CO2

abundance is small (~1.5 ppm), identifying individual convection events in an AIRS footprint is therefore
extremely challenging. In contrast, by averaging over a dozen of MJO events during the measurement
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period, the impact of large-scale convection on the CO2 distribution over the MJO cycle can be identified with
statistical significance (Li et al., 2010). The discovery of the MJO signals in AIRS CO2 observations implies that
midtropospheric CO2 can be organized by short-term processes that are relevant to weather prediction time
scales. Here Li et al.’s (2010) analysis will be extended to polar latitudes.

2. Data and Method

The AIRS daily CO2 observations since 2002 are currently the longest global CO2 data available (Chahine et al.,
2008). The AIRS instrument measures spectral radiance between 650 and 2,600 cm�1 with a 13.5 km nadir
field of view (Aumann et al., 2003).The mixing ratios of CO2 have been retrieved from the spectral channels
between 690 and 725 cm�1 using vanishing partial derivatives (Chahine et al., 2005) for clear-sky footprints.
At least three valid AIRS Level 2 retrievals in a 2 × 2 grouping of adjacent retrievals under clear-sky conditions
are required to create a Level 3 daily average at a grid point. Before 2012, the AIRS retrievals are incorporated
with the cloud information from a companion instrument, advanced microwave sounding unit (AMSU), at a
coarser spatial resolution of 45 km in the nadir (Susskind et al., 2003). Because of the degradation of AMSU,
the AIRS retrievals after 2012 rely only on infrared measurements. For better cloud-cleared measurements,
we shall only use AIRS/AMSU coretrievals of CO2 in this study. The AIRS version 5 CO2 Level 3 product has
been gridded onto 2.5° longitude × 2.0° latitude boxes. Validation against in situ aircraft and ground-based
measurements demonstrates an accuracy of 2 ppmv for individual retrievals of AIRS CO2 between latitudes
30°S and 80°N.

The MJO is the dominant form of tropical intraseasonal variability (Madden & Julian, 1971, 1972). In brief, a
typical MJO cycle is characterized by enhanced convective activity over the equatorial Indian Ocean, followed
by a slow eastward propagation (~5 m s�1), passing the Maritime Continent and moving into the central
Pacific. The propagation ends with a weakening of the convective disturbances when reaching the eastern
Pacific. The whole cycle lasts 40–60 days (Hendon & Salby, 1994). The life cycle of the MJO is characterized
by the Real-time Multivariate MJO index (Wheeler & Hendon, 2004), where the MJO is divided into eight
phases and each phase corresponds to 5–7 days. Phase 1 is characterized by an enhanced tropical convection
over the western Indian Ocean, which propagates eastward at a speed of ~5 m s�1 in the subsequent phases
until it reaches the central Pacific and weakens in Phase 8. A given date is assigned with an MJO phase
according to the MJO index. To extract the MJO signal in CO2, the CO2 time series at each AIRS grid point
is deseasonalized, followed by a band-pass filtering to capture variability between 15 and 90 days. The
CO2 anomalies at each grid point in each MJO phase are averaged.

3. Results

The MJO-related propagation of the CO2 anomalies over the tropical region has been discussed in Li et al.
(2010). Figure 1 focuses on the MJO composites of the CO2 anomalies in the Northern Hemisphere. For visua-
lization, the eight MJO phases are further combined to four phases: Phases 8 and 1 as Phase 8 + 1, Phases 2
and 3 as Phase 2 + 3, Phases 4 and 5 as Phase 4 + 5, and Phases 6 and 7 as Phase 6 + 7. The eastward
propagation of the MJO disturbance is indicated by the rainfall anomalies (black solid/dashed lines), obtained
from the Tropical Rainfall Measuring Mission 3B42 product (Huffman et al., 2007). Overlaid in Figure 1 are the
anomalies of the isentropic potential vorticity at the 475 K isentrope (potential vorticity (PV)475K), which will
be discussed in section 4.

Phase 8 + 1 is characterized by an MJO disturbance over the western Indian Ocean (indicated by the
enhanced rainfall at the “R+” sign in Figure 1). During this phase, the Arctic CO2 is reduced by 0.6 ppm over
most of the Arctic region (north of 45°N) except over the Bering Sea, where the Arctic CO2 is enhanced by
0.6 ppm. In Phase 2 + 3, the enhanced rainfall has moved to the Maritime Continents. During this phase,
the spatial distribution of the Arctic CO2 anomalies is less well defined compared with that in the previous
phase. There are small-scale enhancements over Siberia, Alaska, and the North Atlantic in the Arctic region.
There are also small-scale reductions over Greenland, the eastern Europe, and the northeastern China. In
Phase 4 + 5, the enhanced rainfall has moved to the western Pacific. During this phase, the spatial distribution
of the Arctic CO2 anomalies is nearly opposite to that during Phase 8 + 1: There are strong reductions in the
Arctic CO2 over the Bering Sea and the Siberia and enhancements over North America, North Atlantic, and
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most of Europe. Lastly, in Phase 6 + 7, the MJO disturbance has reached the western Pacific and is dying out.
During this phase, there are reductions in the Arctic CO2 over most of the Eurasia and Alaska, flanked by the
enhancements over Greenland and northeast China. In summary, the MJO-related Arctic CO2 variability has
an amplitude of ±0.6 ppm or 1.2 ppm peak to peak.

To verify that the MJO-related CO2 anomalies are statistically significant, Figure 2 shows the number of AIRS
CO2 soundings averaged in each MJO phase. At low latitudes, the number of soundings may be of order
200–300. In contrast, due to the persistent presence of clouds around the polar vortex, the number of sound-
ings are of order 60–100 in each pair of MJO phases over the Arctic region. The standard errors associated

with the MJO-related CO2 anomalies over the Arctic region are of order σ=
ffiffiffiffi

N
p

~ ±0.1 ppm or 0.2 ppm

Figure 1. MJO-related AIRS CO2 anomalies. The propagation of the MJO is indicated by the rainfall anomalies (black contour lines) and by the R+ sign that traces the
movement of the positive rainfall anomalies. For visualization, a 10° longitude × 8° latitude running average is applied to CO2 anomalies to remove high-wave
number spatial fluctuations. The pink contour lines show the anomalies of the isentropic potential vorticity at the 475 K isentrope (PV475K).
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peak to peak, which is less than 20% of the MJO amplitude presented above. Thus, the spatial patterns of CO2

anomalies shown in Figure 1 are statistically robust.

There may be a concern whether the MJO-related CO2 anomalies are actually retrieval biases resulting from
undetected clouds in the field of view. Observations over a cloudy scene may have a lower average bright-
ness temperature than observations over a clear-sky scene due to cooler cloud top temperatures.
Detecting small-scale clouds (e.g., 0.1–1 km) in the infrared is challenging because of the relatively coarse
horizontal resolution provided by the infrared measurements (e.g., AIRS footprint ~13 km × 13 km). As a
result, a scene with undetected high cloud might be misidentified as a “clear sky” and the corresponding

Figure 2. Number of AIRS observations being averaged in each MJO phase. The eight MJO phases originally defined by the RMM index (Wheeler & Hendon, 2004)
have been simplified to four composite phases. Each panel thus represents a period of ~12 days. Only days that satisfy RMM2

1 þ RMM2
2≥1 are included in the

composite mean calculation.
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Figure 3. Correlating the MJO-related CO2 anomalies with tropospheric variables (pink contour lines in each column): (a) high cloud fractions, (b) vertical pressure
velocity at 850 hPa, and (c) geopotential height (GPH) at 500 hPa.
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infrared spectrum might have a lower brightness temperature than
expected. If this bias in the brightness temperature is treated as a part
of the CO2 absorption during the retrieval, the retrieved CO2 concen-
trations would be overestimated. To verify whether undetected
cloudy scenes might have affected the MJO-related CO2 anomalies,
Figure 3a overlays the MJO-related high cloud fraction anomalies on
the MJO-related CO2 anomalies. The high cloud fraction is obtained
from European Centre for Medium-Range Weather Forecasts

(ECMWF)-Interim Reanalysis. The high cloud fraction anomalies do not reveal large-scale structures, and
the correlation coefficient between the high cloud fraction and CO2 anomalies over the Arctic region is only
0.09. Therefore, the Arctic CO2 anomalies are unlikely to be caused by undetected high cloud.

Li et al. (2010) showed that the MJO-related CO2 anomalies in the tropics are well correlated with the lower
tropospheric upward velocity. However, such a correlation is not significant at high latitudes. Figure 3b over-
lays the MJO-related 850 hPa vertical wind (ω850hPa) anomalies on the MJO-related CO2 anomalies. ω850hPa,
defined as the vertical pressure velocity (positive for downwardmotions), are also obtained from the National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis
(Kalnay et al., 1996). Theω850hPa anomalies are featured with small-scale patches and lack of large-scale struc-
tures that the CO2 anomalies possess. The correlation coefficient between the ω850hPa and CO2 anomalies
over the Arctic region is only �0.04, suggesting that the CO2 anomalies are not originated from the
lower troposphere.

4. Discussions

The MJO is known to be an important source of predictability in the extratropical dynamics and weather on
the intraseasonal time scales during the boreal wintertime (Jones et al., 2004; Jung et al., 2010; Kim et al.,
2006; Lin, Brunet, & Fontecilla, 2010; Lin, Brunet, & Mo, 2010; Pan & Li, 2008; Vitart & Molteni, 2010). The
Arctic CO2 variability presented in the last section provides another aspect of the teleconnection between
the MJO and the polar atmosphere. To unveil the underlying mechanisms that relate the MJO to Arctic
CO2 would require a detailed tracer transport modeling, which is beyond the scope of this work. In the follow-
ing, a phenomenological study based on correlation analysis will be presented.

A well-known MJO teleconnection pathway is through barotropic vorticity perturbations in the upper tropo-
sphere resulting from tropical diabatic heating associated with the convective events, which is manifested as
a perturbation in the geopotential height (GPH) near the tropopause (Ferranti et al., 1990; Kiladis et al., 2001;
Weare, 2010). As a result, the MJO-related tropopause variations cause observable changes in the lower
stratospheric O3 over the Arctic; such O3 changes over theMJO cycle are well correlated with the GPH anoma-
lies at 250 hPa (Li et al., 2013; Tian et al., 2007). To examine whether barotropic vorticity perturbations cause
the MJO-related Arctic CO2 anomalies, Figure 3c overlays the MJO-related 500 hPa GPH anomalies on the
MJO-related CO2 anomalies. The GPH data are obtained from NCEP/NCAR Reanalysis. In the GPH anomalies,
there are clear signatures of the Pacific-North American pattern extending from the North Pacific to the North
America during Phases 8 + 1, 2 + 3, and 4 + 5. The 500 hPa GPH anomalies are similar to the 250 hPa GPH
anomalies near the tropopause (Li et al., 2013; Tian et al., 2007). However, the GPH PNA signatures are absent
in the CO2 anomalies. The correlation coefficient between the GPH and CO2 anomalies over the Arctic region
north of 60°N across the MJO phases is only 0.06, suggesting that the CO2 anomalies are not caused by
barotropic vorticity perturbations.

Another consequence of the MJO tropical diabatic heating is the generation of potential vorticity (PV)
(Schubert & Masarik, 2006). Zhang and Ling (2012) examined the structure of the MJO-related tropical
midtropospheric PV anomalies and concluded that the MJO was not dependent on Kelvin and Rossby waves,
in contrast to the suggestions in some studies (e.g., Wang & Rui, 1990; Wedi & Smolarkiewicz, 2010). To date,
only the tropical portion of the MJO-related PV anomalies has been studied. For the current work, the
MJO-related PV anomalies in the extratropics will be examined.

Assimilated PV available from the ECMWF-Interim Reanalysis (Dee et al., 2011) is used to create a MJO
composite. Zhang and Ling (2012) examined the isobaric PV in the tropics to take into account diabatic

Table 1
The Correlation Coefficients Between the MJO-Related Potential Vorticity (PV)
Anomalies and the MJO-Related CO2 Anomalies Over Arctic (North of 45°N) at the
Isentropes 350 K, 380 K, 475 K, and 530 K

PV350K PV380K PV475K PV530K

Correlation �0.02 �0.21 �0.44 �0.32

Note. See Figure S1 in supporting information.
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processes. For high latitudes, isentropic PV is more appropriate for monitoring tracer movements. The MJO-
related PV anomalies at several tropospheric and stratospheric isentropes are compared with the MJO-
related CO2 anomalies in Figure 1 (for the 475 K isentrope) and Figure S1 in supporting information (for
the 350 K, 380 K, and the 530 K). In the extratropics, the 350 K and 380 K isentropes are in the midtroposphere
(500 hPa) and near the tropopause (250 hPa), respectively, while the 475 K and 530 K isentropes are in the
lower stratosphere near the pressure levels 70 hPa and 50 hPa, respectively. The correlation coefficients
between the MJO-related anomalies of the isentropic PV and CO2 over the Arctic (north of 45°N) are listed in
Table 1. The correlation is very low (�0.09 at 350 K) in the midtroposphere, and it becomes stronger at the
tropopause (�0.21 at 380 K). In the lower troposphere at 475 K, the correlation coefficient between the
PV475K and CO2 anomalies over the Arctic region is�0.44, which, though moderate, is much more significant
than the tropospheric quantities examined in previous sections. At 530 K, the spatial pattern of the
MJO-related PV530K anomalies is similar to those of PV475K, but the correlation coefficient decreases again
to �0.32. Therefore, the PV at 475 K (hereafter denoted by PV475K) has the strongest correlation with the
MJO-related CO2 anomalies. The PV475K anomalies show large-scale structures over the Arctic region, which
are roughly negatively correlated with the CO2 anomalies (Figure 1). A simple regression analysis suggests
that CO2 is decreased by ~0.6 ppm (or 0.2% of the mean CO2 level) over the Arctic region when PV475K is
increased by ~1 potential vorticity unit (or 3% of the mean PV475K).

The finite correlation between the MJO-related CO2 and PV475K anomalies may seem to be counterintuitive
because the AIRS IR channels selected for the CO2 retrieval have the strongest sensitivity to the troposphere.
However, Figure S1 of Chahine et al. (2008) show that, at the polar latitudes, the weighting function of the
AIRS CO2 retrieval has a full width at half maximum covering the pressure range 150–700 hPa. Given that
the tropopause is located near 250 hPa over the Arctic, the AIRS CO2 retrieval represents a column average
between themiddle troposphere and the lower stratosphere in the Arctic region. Indeed, the weighting func-
tion suggests that there is a finite contribution from lower stratosphere between 50 hPa and 250 hPa to the
AIRS CO2 product at polar latitudes.

5. Conclusions

The observation by NASA’s AIRS instrument is used to study the impact of MJO on the CO2 concentration over
the Arctic region. The CO2 concentration north of 60°N varies with a peak-to-peak amplitude of 1.2 ± 0.2 parts
per million by volume (ppm) over the MJO cycle. An empirical correlation analysis is applied to diagnose the
MJO perturbation with the Arctic CO2 variability. It is shown that the observed CO2 anomalies are unlikely to
be caused by retrieval bias under cloudy conditions. Instead, the spatial pattern of the MJO-related Arctic CO2

anomalies resembles that of the isentropic potential vorticity (PV) anomalies at 475 K, with a moderate
correlation coefficient �0.44.
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Figure S1 
 
 
Introduction 
In addition to Figure 1 in the text, this supporting information provides a figure showing the 
correlation between the MJO-related potential vorticity (PV) anomalies and the MJO-related 
CO2 anomalies over the Arctic at potential temperature levels (isentropes) 350 K, 380 K, and 
530 K. 
 



 
 
Figure S1. Same as Figure 3 except for correlating the MJO-related CO2 anomalies (color shades) 
with PV at isentropes (a) 350 K, (b) 380 K, and (c) 530 K (pink contour lines).  
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